TELKOMNIKA Telecommunication Computing Electronics and Control 
Vol. 21, No. 3, June 2023, pp. 649~656 
ISSN: 1693-6930, DOI: 10.12928/TELKOMNIKA.v21i3.24749 o 649 


Using phosphor ZnB204:Mn”* for enhancing the illuminating 
beam and hue standard in white light-emitting diodes 


Ha Thanh Tung!, Huu Phuc Dang? 
'Faculty of Basic Sciences, Vinh Long University of Technology Education, Vinh Long Province, Vietnam 
Faculty of Fundamental Science, Industrial University of Ho Chi Minh City, Ho Chi Minh City, Vietnam 


Article Info ABSTRACT 

Article history: The enhancement in hue uniformity and luminous production of multiple-chip 
; white LED lamps (MCW-LEDs) using dual-layer remote phosphor packaging 

Received Dec 01, 2022 designs are the emphases of this paper. We blended Mn” activated 

Revised Dec 30, 2022 strontium—barium silicate (ZnB2O4:Mn**) with the phosphor mixture and 

Accepted Jan 10, 2023 manage to record significant impacts of this new phosphor mixture on the 


LED lights’ lighting performance. There is evidence that the growing 


concentration of yellow-green-emitting ZnB2O4:Mn** phosphor encourages the 
Keywords: enhancement of hue uniformity and illumination effectiveness in MCW-LEDs 
with mean correlated hue heats (CCTs) of roughly 8500 K, though the color 
quality scale is gradually deteriorating. It is possible to successfully achieve 
such amazing MCW-LED performance if we choose the right concentration 


Color rendering index 
Luminous efficacy 


Mie-scattering theory and size of ZnB2O4:Mn**. 

Phosphor geometries 

ZnB204:Mn?* green phosphor This is an open access article under the CC BY-SA license. 
(QKO00] 

Corresponding Author: 


Huu Phuc Dang 

Faculty of Fundamental Science, Industrial University of Ho Chi Minh City 
No. 12 Nguyen Van Bao Street, Ho Chi Minh City, Vietnam 

Email: danghuuphuc @iuh.edu.vn 


1. INTRODUCTION 

Lately, white light emitting diodes (WLEDs) have gotten huge amounts of notice in the illumination 
industry owing to their excellent performance and extended lifetime. Typically, they have two designs for 
general illumination. The first form is to excite the yellow phosphor with an InGaN light emitting diode 
(LED) chip in blue and mix the blue and yellow illumination with white illumination. The second one mixes 
various monochromatic lights by using various chips to produce white light, which is also a complicated and 
expensive method. Under those circumstances, the most cost-effective and power-efficient approach to 
manufacturing white light is to use phosphor conversion materials [1]-[3]. Yttrium garnet yellow phosphor 
(YAG:Ce?*) is now the most frequently utilized and good-grown transformation substance YAG:Ce** offers 
many benefits, such as excellent blue illumination absorption and exceptionally effective emitting procedures 
with a quantum productivity of around 90% [4]-[6]. Due to the shortage of red light components and poor 
color coordinates, the YAG:Ce* activated using the InGaN chip only produces white illumination spectrum 
with low color rendering index (CRI) of less than 80. The most possible and potential option to make WLEDs 
that offer higher CRI is to combine the red and yellow phosphors. However, the growth of high CRI WLEDs is 
restricted due to the poor effectiveness of red phosphors [7]-[9]. The photoluminescence quantum yield (PLQY) 
of semiconductor quantum dots (QDs) is high; and they also have a broad absorption spectrum, low scattering 
impact, size-adjustable emission, good color saturation, and strong photo-oxidation resistance [10]-[13]. In that 
case, substituting the phosphor with QDs substance would be one effectual way to generate white 
illumination. When changing the bandgap, CdSe QDs can release a whole observable band of color [14]-[16]. 
Jiang et al. [17] created WLED devices yielding a CRI value reaching 76 using an InGaN chip for the task of 
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stimulating several distinct magnitudes for CdSe/ZnS QDs in 2008. Keshri et al. [18] developed mixture 
WLED devices with core/shell CdSe NCs implemented above InGaN/GaN LED yielding hue coordinates 
shown as (0.356, 0.330) and a CRI value of 87.4. During the identical period, Xi et al. [19] also developed 
CdSe/CdS/ZnS core/multi-shell QDs that created a merger between green, yellow, red emitting QDs, epoxy 
compounds and InGaN LED components. The manufactured International Commission on Illumination 
(CIE) chromaticity coordinates of the white LEDs are (0.35, 0.37) and the CRI is 88. Despite its superb 
fluorescence properties and promising utilization in the production of white LEDs, cadmium (Cd) in QDs is a 
poisonous metal. Therefore, the application is not eco-friendly, and substitution is required. Research showed 
that WLEDs constructed combining InP QDs and phosphorescence have the ability to reduce red spectrum 
faults and increase color rendering performance. However, it is somehow complicated to fabricate the new 
LED devices utilizing QDs since it requires a much smaller size in comparison to the other materials. 

The conventional phosphors present broad emission ranges and thus causing energy inefficiency. 
Therefore, the phosphor with the narrow emission band turns out to be more favorable, in terms of fabricating 
the LED with improved optical and energy efficiencies. Here, we decided to select the ZnB2O.:Mn?* green 
phosphor for the research of enhancing the color quality and luminous efficacy of phosphor-converted LED 
packages. The ZnB204:Mn” is a phosphor that emits a strait emission range with the peak radiation at 541 nm. 
Research previously showed that it possesses a broad band of excitation of 235 nm — 535 nm that is 
significantly strong in the blue-light wavelength band. Thus, this ZnB2O4:Mn** is suitable for combining with 
blue LED chips to produce white lights. Moreover, the thermal and color stability of this green phosphor is 
also excellent [20], [21]. Also, this study analyzes the optical impacts of ZnB2O4:Mn** green phosphor on the 
two lighting aspects of color and luminescence performances of WLEDs. The phosphor packaging structures 
needed for the research are the conformal coating, the in-cup, and remote phosphor configurations, as they 
are the popular methods of creating a phosphor-converted WLED. Consequently, based on the attained 
results in this study, we can affirm that it is possible to choose green phosphor ZnB204:Mn” to acquire the 
improved performance of all three phosphor packaging structures. 


2. PREPARATION AND SIMULATION 
2.1. Making ZnB204:Mn* 

Phosphor ZnB204:Mn” is an indispensable part in this article. Therefore, for the task of obtaining the 
greatest phosphor films capable of yielding particular outcomes, it is vital to appropriately produce the phosphor 
substance. As seen in Table 1, ZnB2O4:Mn** is made up of three separate elements. It’s a three-stage heating 
process. For the task of obtaining a stable blend, every component is dry milled or ground prior to the initial 
phase. Then, under a temperature around 500 °C, the blend will be heated within open quartz boats. Bring this 
combination out afterwards and powder it with the milling process. The second stage of fire follows. 
Throughout 1 hour, the powdered material is heated again at 700 °C within open quartz boats. After this 
stage, the substance will undergo further powdering process. Afterward, the final fire stage will take place in 
the similar container as the earlier ones, however this time the burning heat will be 1300 °C and the firing 
period will be 2 hours. As expected, the results should have these optical properties emitting highest point of 
2.29 eV, and emitting broadness (FWHM) of 0.21 eV. As a matter of fact, the stimulation effectiveness by UV 
would show — (4.88 eV), — (3.40 eV), and +/4-5% by e-ray. Finally, it would be necessary to be exponential 
decay, roughly 26 msec to 1/10 [20], [21]. 


Table 1. Ingredients for ZnB>O4:Mn** 
Ingredients Mole (%) By weight (g) 
79 


ZnO 97 
MnCO; 3 3.5 
H3BO; 205 127 


2.2. Building MC-WLED device 

As reported by the Monte Carlo method and LightTools 9.0 application, the actual phosphor film of 
multiple-chip white LEDs (MCW-LEDs) is replicated with a plain silicone film. This modeling technique is 
comprised of two different phases: 1) determining and producing mechanical constructions and optical qualities of 
MCW-LED lamps, and 2) carefully monitoring optical effects of phosphor compounding within the wide range of 
ZnB2O4:Mn** concentrations. We must conduct some comparisons so as to comprehend the compounding 
influence from YAG:Ce** as well as ZnB2O4:Mn** imposed on the productivity for the MCW-LED device. 
The phosphor composition is applied to the three WLED structures with a mean correlated chroma temperature 
(CCT) of 8500 K, including protective-coating, in-cup, and remote phosphor structures. An actual MCW-LED 
lamp daubed in phosphor compounding under median CCT measured at 8500 K is well-defined via Figure 1(a), 
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while its details are displayed by Figure 1(b). It also denotes the simulation of MCW-LEDs without the 
presence of ZnB204:Mn”. The reflector’s bottom longitude would be measured at 8 mm, the altitude would 
be measured at 2.07 mm, with the peak exterior length reaching 9.85 mm. Nine chips will be daubed in the 
conformal phosphor compounding, which is 0.08 mm thick. Each chip is square, reaches 1.14 nm in length, 
has an altitude reaching 0.15 mm and would be linked to the reflector’s gap. The chips’ peak wavelength 
reach 453 nm, its radiation is 1.16 W. Figures 1(c), Figure 1(d), and Figure 1(e) demonstrate three distinct 
phosphor structures of protective-coating phosphor (CP), in-cup phosphor (IP), as well as distant phosphor 
(RP), respectively. Aside from that, the phosphors are combined with the silicone matrix to form the 
phosphor layers. For this reason, all structures utilize Mie hypothesis for the task of examining the dispersion 
for granules of phosphor. The average diameter for all phosphor particles according to this article is 14.5 um, 
the same as the real phosphor particle size. 


Lead frame: 4.7 mm Jentech Size-S 
LED chip: V45H 
Die attach: Sumitomo 1295SA 
Gold Wire: 1.0 mil 
Phosphor: ITC NYAG4 EL 
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Figure 1. Picture detailing phosphor-transformed MCW-LED device with doped ZnB204:Mn”™: 
(a) the employed device, (b) technical parameters, (c) protective-coating phosphor, (d) in-cup phosphor, and 
(e) distant phosphor 
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ZnB204:Mn** particles, YAG:Ce** granules along with silicone make up the phosphor 
compounding. The refractive indexes of ZnB2O4:Mn**, YAG:Ce**, and its silicone would be 1.85, 1.83, and 
1.52, in turn, and their sizes are similar with the real values. The emission spectra of the prepared phosphor 
compound can be obtained following the assessment of the refractive index as well as particle magnitudes for 
the phosphor. Figure 2 illustrates various ZnB2O4:Mn** concentrations with the emitting spectra of the 
phosphor geometries. In the conformal structures, the concentration of ZnB2O4:Mn** is from 0% wt to 24% wt, 
see Figure 2(a). Judging Figure 2(b) and Figure 2(c), the ZnB2O4:Mn7* concentration ranges in the in-cup and 
remote configurations are 0% — 1.4% wt and 0% — 20% wt, respectively. The lumen outcome of MCW-LEDs 
will expand since ZnB204:Mn” particles are applied to the phosphor compound, as can be seen in these graphs. 
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Figure 2. Discharge spectra in several phosphors: (a) CP, (b) IP, and (c) RP 
3. RESULTS AND DISCUSSION 
Conforming to the Mie theory [22]-[25], the dispersing factor Usca is determined to check the light 


features in phosphor composition. The following expressions will assess the correlation concerning the 
dispersing factor (SC) as well as the wavelength counting the size of ZnB2O4:Mn** particles: 


Usca(A) = = Csca(A) (1) 
Čsca (4) = eo OLO® D 
n= o 
Csca(A) = Feet (4) 


Csca,p represents the dispersing cross-section in the phosphor possessing granule diameter D. f(D) indicates 
the magnitude dispensation function. c indicates the phosphor dosage (g/cm>). While Csca (4) and m will be 
the dispersing cross-section and granule weight for the phosphor, respectively, implemented into f(D). 
The dispersed energy for granules as well as the irradiance strength, are P,.,(A) and linc (A). 


TELKOMNIKA Telecommun Comput El Control, Vol. 21, No. 3, June 2023: 649-656 


TELKOMNIKA Telecommun Comput El Control Oo 653 


Figure 3 chronicles the dispersion coefficient (SC) for sheet of phosphor when ZnB204:Mn?* 
phosphor is present. It is clear that changing ZnB2O4:Mn”* concentrations will cause the SC of the phosphor 
combination to fluctuate significantly, see Figure 3(a). It also proves that the pre-stimulus and intensity of 
ZnB204:Mn”™ influence the color quality of CP and IP structures. Despite ZnB2O4:Mn”* particle size, SC 
seems to amplify when the concentration of ZnB2O4:Mn** rises, as shown in Figure 3(b). Moreover, SC 
increases dramatically at a particle size of around 1 um than at bigger size, leading to the hue uniformity 
development. Occasionally, if we aim for chroma quality scale (CQS), the size of the ZnB2O4:Mn** can be 
around | um. The SC factor of the phosphor film grows stably when its size is about 7 um, notwithstanding 
its heightened concentration. This event will advance the hue standard (CQS) of LEDs tremendously. 
Subsequently, the smaller size of 7 um can be a suitable option if the objective is CQS. The SC factor is 
undoubtedly dependent on both the dosage and the size of ZnB204:Mn”. This is why ZnB204:Mn”™ can be a 
potential to enhance the lumen performance as well as hue consistency for LED device. 
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Figure 3. Dispersing factors for phosphor composition under 453 nm correlating with the dosage 
as well as magnitude for ZnB2O4:Mn”*: (a) CP and (b) IP 


A (a) 


£ 

8 

/ 
3 


Color deviation (K) 
/ 
Color deviation (K) 


0 4 8 12 16 20 24 0 02 04 O06 0.8 l 1.2 1.4 
Green phosphor wt. (%) Green phosphor wt. (%) 


(a) (b) 


10000 
$, (c) 


o 
© 
© 
© 
L 
w 


Color deviation (K) 
D D 
© © 
(= © 
5 5 
i 
K 
n 


2000 
Green phosphor wt. (%) 
(c) 


Figure 4. The CCT aberration correlating with the dosage as well as magnitude of ZnB204:Mn”™: 
(a) CP, (b) IP, and (c) RP 
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Figure 5. Illuminating effectiveness correlating with the dosage as well as magnitude for ZnB2O4:Mn”*: 
(a) CP, (b) IP, and (c) RP 


In this post, it is meaningful that meeting the LED product’s specifications is critical, especially in 
our study, MCW-LED inquiries average CCT of 8500 K. Because of the sustained CCT of 8500 K, it is vital 
to reduce the YAG:Ce** phosphor considerably when the dosage for ZnB2O4:Mn7* phosphor increases. 
The following formula can reckon the heaviness ratio of the LED phosphor film: 


Wsu + Wyy + Way = 100% (5) 


In this formula Wsu, Wyp, and W,, are the heaviness percentages of the silicone, YAG:Ce**, and 
ZnB204:Mn”™ in turn. 

As demonstrated in Figure 4, the angular hue for aberration for MCW-LED device is dependent on the 
presence as well as the lack of ZnB2O4:Mn”* in the simulation. In particular, the color variations become smaller 
as the dosage of ZnB2O4:Mn** green phosphor grows, regardless of the applied structures, see Figure 4(a). 
In other words, with the addition of ZnB2O4:Mn**, the peak-valley deviation of the CCT is greatly reduced, 
as shown in Figure 4(b) and Figure 4(c). Figure 5 displays illuminating effectiveness correlating with the 
dosage as well as magnitude for ZnB2O4:Mn7*. Similarly, compared to MCW-LEDs without ZnB204:Mn”, the 
spatial hue dispensation of MCW-LEDs with ZnB204:Mn”™ is substantially flatter, see Figure 5(a). Ideally, if we 
can balance the two performance criteria, the optimization problem can be solved. Yet, in fact, if we simply 
improve one factor, the optical system will suffer in other regions, and the expected CQS factors and the 
performances of the white LED packet are unobtainable at the similar period, see Figure 5(b). If we want to 
have a good CRI, the solution is to maximize the broad source spectrum and heighten the efficiency with 
monochromatic radiation’s wavelength at 555 nm. According to this investigation, color quality scale (CQS), 
illuminating beam, as well as CCT P-V aberration factors would be notable features, as displayed in Figure 5(c). 
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Figure 6. Hue standard scale correlating with the dosage as well as magnitude for ZnB204:Mn”*: (a) CP and (b) IP 


The luminous productivity develops in lockstep with the dosage of ZnB2O4:Mn7*, as seen in the 
simulation in Figure 5(a) to Figure 5(c), while the hue standard scale shows degradation with the presence of 
this green phosphor, as in Figure 6. However, at the higher ZnB2O4:Mn** concentration, the reduction of 
CQS is much smaller than that at the lower concentration, see Figure 6(a). Additionally, as demonstrated 
above, the more elevated the concentration of ZnB204:Mn”, the lower the color deviations, leading to higher 
color uniformity, as shown in Figure 6(b). Thus, overall, the rise in the green phosphor ZnB2O4:Mn7* amount 
can be considered as an advantage to the performance quality of the WLEDs. 


4. CONCLUSION 

This research’s primary intention is to show the influence of the green ZnB2O4:Mn** phosphor and 
its capacity to improve the hue uniformity and luminous productivity of white LED packets. First, if we 
apply the Mie-scattering theory, color uniformity can somewhat embellish despite the mean CCT factor or 
phosphor geometry. It occurs as a result of illumination-dispersing compensation in white LED packets. 
Second, the fluctuation of illumination output is shown to hinge on the ZnB204:Mn™ dosage utilizing Monte 
Carlo simulation. The illumination output does indeed rise as the ZnB2O4:Mn?* concentration changes. 
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